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Isoflavones, which are found almost exclusively in leguminous plants such as soy or Pueraria lobata, are a group of flavonoids which were classified as phytoestrogens with structural similarities to estrogen (Manach et al. 2004) . Genistein and daidzein are the two most important isoflavones contained in about equal quantities in soy (Manach et al. 2005) . Accumulating evidence from in vivo studies suggests that isoflavones may have an impact on cardiovascular diseases, cancers, and osteoporosis (Omoni & Aluko 2005; Cooke 2006; Chan et al. 2007; Kurahashi et al. 2007; Iwasaki et al. 2008) , and that their antioxidant activity might be responsible for their protective effects (Pietta 2000) . It has been reported that isoflavones have radical scavenging capacity and antioxidative effects in vitro and in vivo and can protect tissues against oxidative damage (Mahn et al. 2005; Borras et al. 2006; Rufer & Kulling 2006) . Regular consumption of fruits and vegetables may provide desirable health benefits and play important roles in the prevention of some chronic diseases, such as aging, cancer, neurodegenerative diseases, and atherosclerosis, while purified phytonutrients from these fruits and vegetables do not bring the same benefits (Vattem et al. 2005) . Therefore, it was suggested that the additive and synergistic effects of different antioxidants are responsible for their potent antioxidant and diseases preventive effects (Liu 2004) . Isoflavones may exert protection effects in combination with dietary antioxidant nutrients, especially with α-tocopherol and ascorbic acid, two widely distributed antioxidant nutrients from food. The information on antioxidant interactions between plant isoflavones and nutrients would provide a better understanding of the protecting effects of complex food.
In this study, we describe the antioxidant activity of daidzein and its interplay with α-tocopherol or ascorbic acid using Fe 2+ /ascorbate-induced oxidation of rat liver microsomes and copper-induced LDL oxidation as model systems. The possible mechanisms that may account for the observations obtained are discussed.
MATERIALS AND METHODS

Materials. Daidzein (Da > 98%) extracted from
Pueraria lobata was purchased from Ankang Heye Bioengineering Co., Ltd. (Shanxi, China). α-Tocopherol (TO > 99.8%), 1,1-diphenyl-2-picrylhydrazyl (DPPH), ferrozine, and malonaldehyde (MDA) were obtained from Sigma (St. Louis, USA). Thiobarbituric acid (TBA) was obtained from Merk (Darmstadt, Germany). Ascorbic acid (AA > 99.9%), butylated hydroxytoluene (BHT), trichloroacetic acid (TCA), ethylenediaminetetraacetic acid (EDTA), and 4-dinitrophenylhydrazine (DNPH) were obtained from Biosino Biotechnology Co., Ltd. (Beijing, China).
Reducing capacity. The reductive potential of antioxidants was determined according to the method of Yen et al.(1995) . The antioxidants diluted in 1.5 ml phosphate buffer (0.2M, pH 6.6) were mixed with 0.5 ml potassium ferricyanide [K 3 Fe(CN) 6 ] (final concentration of 2.5 mg/ml), followed by incubation at 50°C for 20 minutes. The reaction was terminated by adding 0.5 ml of 200 g/l TCA solution and the mixture was centrifuged for 10 min at 1000 × g (CS-15R, Beckman, Brea, USA). The supernatant was mixed with 0.03 ml FeCl 3 solution (1 mg/ml), and the absorbance was measured at 700 nm (UV-1600 spectrophotometer, RUILI, Beijing, China).
Metal chelating activity. The chelating of ferrous ions of the antioxidants was estimated by the method of Decker and Welch (1990) with a slight modification. Briefly, the antioxidants were diluted with 1 ml ethanol and mixed with 40 μl of FeCl 2 (40μM) and 40 μl ferrozine (200μM), followed by standing at room temperature for 15 minutes. The absorbance of the solution was measured at 562 nm.
DPPH radical-scavenging activity. The DPPH radical-scavenging activity of the antioxidants was determined by the method described by Blois (1958) with a slight modification. Daidzein and TO were diluted with ethanol and added to ethanol solution of DPPH (40 μM). The mixtures were left at room temperature in the dark for 60 min and the absorbance at 515 nm was determined.
Inhibition of lipid peroxidation in rat liver microsomes. Liver microsomes of rats were isolated as described previously (Cai et al. 2003) and protein content was determined by the method of Lowry (Lowry et al. 1951) . Microsomes were suspended in 0.1M Tris-HCl buffer (pH 7.5) to the final concentration of 0.5 mg protein/ml. Daidzein and TO were dissolved in ethanol and diluted with 0.1M Tris-HCl buffer. The final concentration of ethanol in the suspension was lower than 1% (v/v). Microsomes were pre-incubated at 37°C for 15 min before the initiation of oxidation with antioxidants or an equivalent volume of solvent as the control. Oxidation was initiated by the addition of Fe 2+ and ascorbic acid of final concentrations of 5 μM and 50 μM, respectively. Microsomal suspension was incubated at 37°C for 30 minutes. The formation of thiobarbituric acid reactive substances (TBARS) was used to evaluate lipid peroxidation in microsomes (Buege & Aust 1978) . TBARS in the supernatant was determined at 532 nm with MDA as the standard.
Inhibition of copper-induced oxidative modification in LDL. Human blood from healthy donors was obtained from a hospital and LDL was separated by sequential ultracentrifugation (Havel et al. 1955) . LDL protein was determined using Lowry's method (Lowry et al. 1951) . The effects of antioxidants on the lag time of copper-induced LDL oxidation were assessed according to the method described previously (Esterbauer et al. 1989 ) with a slight modification. LDL (50 μg protein/ml) was oxidised in 10mM PBS (pH 7.4), the reaction being initiated with 5μM CuSO 4 . The formation of conjugated dienes was continually monitored by measuring the absorbance at 234 nm and 37°C. The results of LDL oxidation were expressed as the lag time and propagation rate, defined as the intercept of the slopes for the lag and propagation phases and the slope of the propagation phase in the diene-time plot, respectively (Esterbauer et al. 1989) . Daidzein was dissolved in methanol and AA was dissolved in distilled water, and they were subsequently diluted with PBS to obtain the selected concentrations. The final concentration of methanol was 0.5% and the solvent control showed that it had no apparent influence on LDL oxidation. The antioxidants were incubated with LDL at 37°C for 15 min before the initiation of oxidation.
LDL oxidation was also monitored by removing aliquots of the reaction mixture at indicated times and measuring the formation of MDA and carbonyl groups. Oxidation was terminated by the addition of 20μM BHT and 20μM EDTA and the reaction mixture was then cooled to 4°C. MDA formation was monitored by measuring the content of TBARS (Buege & Aust 1978) . Carbonyl groups in oxidised LDL were determined according to Hazell et al. (1994) . An average molar absorption coefficient of 22 000 M -1 cm -1 was used to estimate the carbonyl content.
Statistics. All results were reported as means ± standard deviation (n = 3). EC 50 values calculated denoted the concentration of the sample required to chelate 50% ferrous ions, to scavenge 50% of DPPH radicals, or to inhibit 50% lipid peroxidation in rat liver microsomes. The significance of the differences between the treatments and control was tested by t-tests. 2 × 2 factorial designs were performed to determine the significance of the interaction between daidzein and ascorbic acid or α-tocopherol, and the data were analysed using ANOVA (SPSS statistical software). P < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Reducing capacity, metal chelating activity and DPPH radical-scavenging activity
The reducing capacity (Δ absorbance at 700 nm) of daidzein was negligible in concentrations of up to 60μM, while TO and AA revealed a significant reducing capacity at the concentration of 20μM (Figure 1 ). In the same way, daidzein showed a much lower DPPH radical-scavenging activity than TO and AA (Table 1) , which indicates that daidzein has a low electron-donating ability (Blois 1958) . Daidzein, TO, and AA had no metal chelating activity at concentrations of up to 100μM, while metal chelator EDTA chelated Fe 2+ at the ratio of about 1:1 (Table 1) .
Our results show that daidzein has a low reducing capacity, DPPH-radical scavenging activity and metal chelation ability, indicating its low reactivity with radicals and oxidants. These findings are in agreement with other studies demonstrating that daidzein has relative high redox potential, low radical-scavenging activity, and negligible chelating ability (Kuo et al. 1998; Guo et al. 2002; Chen et al. 2005b; Firuzi et al. 2005) .
Inhibition of lipid peroxidation in microsome oxidation
In Fe 2+ /ascorbate initiated microsomes oxidation, the EC 50 value of daidzein (424 ± 1μM) is much higher than that of TO (72.3 ± 2.1μM) ( which indicates that daidzein is a weak antioxidant in liver microsomes oxidation and its activity is much lower than that of α-tocopherol. However, the difference between daidzein and α-tocopherol in the inhibition of microsomes oxidation was smaller than that in reducing power or DPPH-radical scavenging activity (Figure 1 , Table 1 ). This indicates that daidzein must exert antioxidant activity by some mechanisms other than free radical-scavenging and metal chelating mechanisms. Figure 2 compares the observed inhibition effect resulting from daidzein and TO co-incubation with the expected (calculated) sum of the values observed for the separate daidzein and TO treatments. A significant interaction (P < 0.001) occurred between daidzein and TO. The percentage of inhibition of MDA production was by 73% greater than the expected additive value with the combination of 300μM daidzein and 45μM TO (Figure 2 ), which suggests that daidzein synergistically interacted with α-tocopherol in preventing lipid peroxidation of microsomes.
Inhibition of LDL oxidation modification
Daidzein prolonged the lag phase and decreased the propagation rate of copper-induced human LDL oxidation in a dose-dependent manner (Figure 3 ). Daidzein at concentrations of 1.25μM, 2.5μM, 5μM significantly prolonged the lag time of LDL oxidation, respectively, by 17%, 48%, and 82% and reduced the propagation rate by 16%, 260%, and 35%, respectively, compared with the control. The effect of AA on lag time was greater than that of daidzein, with the lag time increasing by 33%, 100%, and 179% respectively, but it had no effect on the propagation rate of LDL oxidation (Figure 3) . These results indicate that daidzein inhibition effects on LDL oxidation are much greater that those on microsomes oxidation. The copper-induced LDL oxidation was also evaluated by monitoring the formation of MDA and protein carbonyls (Figure 4 ). MDA and carbonyls formation was strongly delayed down by 2.5μM daidzein or 2.5μM AA, compared with the control LDL. Thereby, daidzein effectively increased the resistance of human LDL to lipid and protein oxidation in a dose-dependent fashion, which is in agreement with several reports about the antioxidant activity of isoflavones (Vaya et al. 2003; Rufer & Kulling 2006; Jefremov et al. 2007) . Vaya et al. (2003) reported that daidzein and genistein strongly inhibited LDL oxidation with Cu 2+ as inducer, but showed only a weak effect with 2,2'-azobis (2-amidino-propane) dihydrochloride (AAPH) as inducer. In the copper-induced oxidation of LDL, Cu 2+ specifically binds to apoprotein B (apo-B) and is reduced to Cu + , and a marked conformational modification of apo-B takes place during the lag phase (Sevanian & Ursini 2000) . Given that daidzein has a low reactivity with metal ions (Figure 1, Table 1 ), the antioxidant action of daidzein could be explained partially by its binding with the apo-B domain in LDL particle structure, preventing the interaction of copper and LDL. This explaination is in agreement with other studies (Filipe et al. 2001; Chen et al. 2007) .
Significant interactions in the lag time increase were observed when 2.5μM daidzein was combined with 1.25μM or 2.5μM of AA (P < 0.05), and when 5μM daidzein was combined with 1.25μM of AA (P < 0.05). The effects of the three combinations were greater than the additive effects of two individual treatments, respectively ( Figure 5 ). And when daidzein and AA were simultaneously added, the inhibition of MDA and carbonyls formation was also greater than the calculated additive inhibitory effect of the separate daidzein and AA treatments. Similar effects of flavonoids and TO or AA in preventing LDL oxidation (Chen et al. 2005a (Chen et al. , 2007 Yeomans et al. 2005) , and of flavonoids and urate in preventing plasma oxidation (Filipe et al. 2001) were observed by other researchers. The underly- ing mechanisms of the interaction have not been well established, although the regeneration of one antioxidant by another was proposed as contributing to this effect (Filipe et al. 2001; Yeomans et al. 2005) . On the other hand, it is possible that the combination of different antioxidants following different mechanisms has a higher antioxidant effect than shown by the sum of the individual effects (Yeomans et al. 2005; Milde et al. 2007 ). These pieces of evidence suggest that a complex food containing isoflavone and antioxidant nutrients may exert higher health benefits than the purified isoflavone supplements.
CONCLUSIONS
The results of the present study indicate that, although the inhibitory effect of daidzein on lipid peroxidation in microsomes was weak, daidzein effectively prevented copper-induced LDL oxidation by prolonging the lag time, decreasing the propagating rate, and suppressing malonaldehyde (MDA) and carbonyls formation. When daidzein was combined with α-tocopherol in microsomes oxidation, and when it was combined with ascorbic acid in LDL oxidation, the protection was significantly greater than the calculated additive effect of two individual actions. Our results on the in vitro effects of the antioxidant combinations, although not directly applicable to humans, can help to get a better understanding of the in vivo synergy of different antioxidants from food.
